The effects of an anesthetic dose (100 mg/kg) of ketamine, a phencyclidine derivative, on local rates of cerebral glucose utilization (LCGU) and CBF (LCBF) have been investigated by the quantitative [14Cl2-deoxy glucose and [l4Cliodoantipyrine techniques in the unpar alyzed, spontaneously breathing rat. In ketamine-in jected animals, LCGU was significantly increased in some limbic structures and decreased in inferior colli culus, vestibular, and cerebellar nuclei. The degree and spatial distribution of drug-induced changes was similar for local blood flow rates, LCBF being increased in limbic regions and decreased in the inferior colliculus. Al- Abbreviations used: ANOVA, analysis of variance; LCGU, local cerebral glucose utilization; LCBF, local CBF.
In recent years the effects of ketamine, a phen cyclidine derivative, on metabolic activity levels within the CNS have been investigated by several authors (Nelson et aI., 1980; Crosby et aI., 1982; Oguchi et aI., 1982; Hammer and Herkenham, 1983) .
Unlike the majority of general anaesthetics (So koloff et aI., 1977; Shapiro et aI., 1978; Dudley et aI., 1982) , ketamine (10-30 mg/kg, i.v.) has been shown to induce a marked heterogeneity in the pat tern of local cerebral glucose utilization (LCGU) values in the rat brain, functional activity dis playing a significant increase in most limbic struc tures, being unchanged in other areas, and showing a reduction in some subcortical sensory relay sta tions (Crosby et aI., 1982; Oguchi et aI., 1982) . Se miquantitative studies performed at higher doses (100-150 mg/kg, i.p.) have shown laminar-specific though PaC02 values were higher in anesthetized animals, the pattern of LCBF/LCGU ratios was not significantly affected by ketamine in the 36 brain regions examined in this study. So, at least in the rat and at the anesthetic level studied here, a net vasodilatory in vivo effect was not observed. These results support the hypothesis that CBF changes induced by the drug in animals and man are primarily related to the metabolic effects exerted by ke tamine on cerebral structures. Key Words: Ketamine Local cerebral blood flow-Local cerebral glucose utili zation.
effects in the cerebral cortex (Hammer and Her kenham, 1983) and hippocampus (Lund et aI., 1981) , probably related at least in part to the activa tion of phencyclidine receptors (Quirion et aI., 1981; Hammer et aI., 1982) . Altogether these data confirm and extend previous observations showing an increase in CMR02 induced by the drug (Dawson et aI., 1971) .
Blood flow in the whole brain (Dawson et aI., 1971; Idvall et aI., 1980) and cerebral hemispheres (Houggard et aI., 1974; Dhasmana et aI., 1984) has been found to be increased as well by anesthetic doses of ketamine in both animals and humans.
Considerable debate exists, however, as to mecha nisms responsible for the observed increase in CBF.
In this regard, a direct vasodilatory effect on cere bral vessels (Takeshita et aI., 1972; Fukuda et aI., 1983) , the rise in plasma PaC02 (Schwedler et aI., 1982) and the consequences of metabolic activation (Houggard et aI., 1974; Dhasmana et aI., 1984) have been advanced as possible explanations.
Because data obtained by studies on global CBF or CMR or large brain areas fail to take into ac count the regional heterogeneity in the circulatory and metabolic alterations induced by ketamine, they may be inappropriate to solve this issue. In the present work, the objective was to quantitatively investigate the effects of an anesthetic dose of keta mine on LCGU and LCBF rates in 36 structures of the rat brain.
MATERIALS AND METHODS
Twenty-two male Long Evans rats weighing 250-350 g were used in the study. Twenty-four hours before the be ginning of the experiment, femoral arterial and venous catheters were inserted under pentobarbital anesthesia (40 mg/kg, i.p.) and subcutaneously secured. Animals were allowed to recover in their home cages with free access to water; food was withheld. On the following day, cannulae were exteriorized under light ether anesthesia. Animals were randomly assigned to one of four groups (ketamine-LCGU, ketamine-LCBF, control-LCGU, or control-LCBF) and put into small Plexiglas restrain ing chambers. In order to avoid effects related to acute immobilization stress in awake animals (Lasbennes et aI., 1986) all rats had been previously accustomed to the re straining apparatus for 4 consecutive days [I hid (see Le Doux et aI., 1983) ].
One hour after the discontinuation of ether anesthesia animals were intraperitoneally injected with an anesthetic dose of ketamine HCl (IOO mg/kg, 50 mg/ml) or an equal amount of saline. This dose was chosen because, in pre liminary experiments, it was found to ensure loss of the righting reflex for at least 45 min (see Results). (Sokoloff et aI., 1977; Sakurada et aI., 1978) . Timed arterial blood samples were drawn in order to monitor the time course of plasma isotope concentration, glucose (Beckman glu cose analyzer 2), Pao2, Pac02, and pH (Instrumentation Laboratory gas analyzer 213). MABP was recorded, and body temperature was monitored by a rectal probe and maintained at 36.5-37°C by a heating lamp.
After decapitation, brains were rapidly removed, frozen in Freon at -70°C and later cut at -20°C. One out of every seven 20-j.L coronal brain sections was processed for autoradiography by contact exposure to x-ray films (Ilfoscan Ilford) along with calibrated ['4C]autoradio graphic microscales (Amersham). Autoradiograms were analyzed by means of a computerized image processing system (Porro et aI., 1984) , and mean values from at least 4 measurements of LCGU and LCBF were calculated for 36 brain structures (33 gray and 3 white) by the opera tional equations of the methods.
Differences between ketamine and control groups for LCBF and LCGU values were evaluated by the Stu dent's t test for unpaired observations (two-tailed); p < 0.05 was the assumed level of statistical significance.
Evaluation of the relationship between LCBF and LCGU is usually performed by linear regression analysis and the derived correlation coefficients. This approach has been strongly criticized on the grounds that the observations in the different brain regions are not statisti cally independent and the analysis on mean values con ceals the variability between animals (McCulloch et aI., 1982) . Thus, the relationship between LCBF and the met abolic rates in the two experimental conditions was in vestigated according to the statistical method proposed by the same authors (McCulloch et aI., 1982) . Briefly, after logarithmic transformation, LCBF and LCGU values were submitted to analysis of variance (ANOVA) according to a split-splot factorial design for repeated measures (Kirk, 1982) . Type of measurement (LCGU or LCBF) and treatment (ketamine or saline) entered the analysis as crossed between groups factors, whereas the brain regions entered the analysis as a 36-level repeated measure factor. In a second analysis, the CO2 values were added as a covariate common to all measures.
Although fully agreeing with the above mentioned criti cism, linear regression analysis for LCBF versus LCGU data was also performed in this study in order to allow comparison with previous works.
RESULTS

Animal behavior
All animals injected with ketamine exhibited a short period (5 min) of hyperactivity and ataxia, followed by loss of the righting reflex. After � 10 min, they remained unresponsive to external and painful stimuli, the only observed motor activity being rhythmic movements of the vibrissae and sustained ocular nystagmus. This condition lasted for 45-50 min; after this, gradual recovery of body movements ensued.
Physiological status
In both LCGU and LCBF animal groups, Paco2 was significantly higher in ketamine-anesthetized animals than in control animals ( Table 1) M. CA V AZZUTI ET AL.
tive in reducing the restraint stress (LeDoux et al., 1983) .
LCGU
The anesthetic dose of ketamine (100 mg/kg) had heterogeneous effects on metabolic activity of cere bral structures (Table 2) . A significant increase was observed in many limbic structures (entorhinal cortex, presubiculum, ventral hippocampus, den tate gyrus, anterior thalamic nuclei). In the hippo campus, the increase was particularly evident in the lacunosum-moleculare layer (Fig. 1) . A 37% in crease, which only approached significance (p < 0.10), was noted in the cingulate cortex. LCGU was significantly decreased in some sensory-motor structures, such as inferior colliculus, cerebellar nuclei, and vestibular nuclei. All other structures were not significantly affected.
LCBF
The influence of ketamine on local blood flow varied according to cerebral areas (Table 2) . A sig nificant increase was found in some limbic struc tures (entorhinal cortex, presubiculum, hippo campus, dentate gyrus, and cingulate cortex), i.e., the same structures, with the exception of anterior thalamus, in which metabolic activity was en hanced by the drug. LCBF was found to be signifi cantly decreased in inferior colliculus only. Per centage changes in LCBF and LCGU rates in structures in which ketamine exerted significant ef fects are shown in Figure 1 .
LCBF-LCGU correlations
The average LCBF/LCGU ratio (expressed in mllflmol) was 1.79 in controls (range 1.34-2.33) and 1.93 in ketamine-treated animals (range 1.16-3.18). The increase in range in the latter group is mostly attributable to the exceedingly high LCBF values found in the interpeduncular nucleus (see Ta ble 
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• ENTORHINAL CORTEX significantly modify the observed variability (F 1.28, df 35, 680, p < 0.13), and the same was true when data were corrected for P aco2 differences in the experimental groups. Regression analysis showed that, as expected, a good linear correlation was found in control an imals (r .92, p < 0.001; see Fig. 2 ). In ketamine anesthetized animals, a significant correlation was also found (r 0.78; p < 0.001). The slopes of the two regression lines were not found to be significantly different from each other.
DISCUSSION
The results of this study of ketamine effects on metabolic activity in the rat brain are i n good agreement with those previously reported (Oguchi et aI., 1982; Crosby et aI., 1982) . Many structures in the limbic system showed significant LCGU in creases; it is worth noting that the concentration of phencyclidine binding sites is also remarkably high in some of these areas, such as the hippocampus, dentate gyrus, and subicular cortex (Zukin and ment in these regions is probably related to func tional interaction of ketamine with phencyclidine receptors and subsequent activation of neural pathways (Hammer et aI., 1982) ; activity of the drug on other synaptic systems has also been dem onstrated (White et aI., 1982; Anis et aI., 1983; Thomson et aI., 1985) . Metabolic and behavioral effects of ketamine appear to be dose-dependent (Crosby et aI., 1982; Hammer and Herkenham, 1983; Davis et aI., 1985) , and some discrepancies between data in the literature may be explained on the basis of different concentrations achieved in the brain, due to dosage and route of administration of the drug. For instance, this study did not reveal the increases in LCGU of subcortical motor centers observed by Crosby et aI., which were probably re lated to the enhanced motor behavior displayed by their experimental animals. The present study did reveal a significant decrease in the inferior colli culus, as well as in vestibular and cerebellar nuclei. In other auditory structures, such as the auditory cortex and medial geniculate bodies, there was a tendency to decrease but significance was not achieved.
To the authors' knowledge no study has been These results are consistent with the hypothesis that changes in CBF under ketamine anesthesia are primarily related to the metabolic effects of the drug. Indirect support to this hypothesis also comes from the observation that the ketamine-in duced increase in CBF may be prevented by treat ment with barbiturates (Dawson et al., 1971) and diazepam (Thorsen and Gran, 1980) , drugs that are known to induce a widespread reduction of meta bolic activity in the brain (Crane et al., 1978; Kelly et al., 1986) . It is noteworthy that diazepam is able to prevent the increase in metabolic activity in duced by ketamine in the hippocampus (Oguchi et al., 1982) . Accordingly, the increase in intracranial pressure induced in humans is blunted by adminis tration of thiopentone (Wyte et al., 1972) . duce in the same species contraction of cerebral vessels, probably through interaction with phency clidine receptors (Altura et al., 1983) . These effects may be counteracted by concomitant m<;>dulation of vasoconstrictor tone in the intact animal (see the review by White et al., 1982) .
Although Pac02 values were higher in ketamine groups, a significant LCBF increase was limited to the structures metabolically activated by ketamine, with the only exception of the cingulate gyrus. In addition, a significant LCBF reduction was ob served in the inferior colliculus, where metabolic activity was depressed by the drug. Thus, a gener alized "Pac02 effect" was not observed. Some an esthetics are known to alter vascular CO2 reactivity (Smith and Woolman, 1972; McDowall et al., 1978) , and regional variability in the reactivity of cerebral vessels to Pac02 has also been demonstrated (Sha piro et al., 1980; Cavazzuti and Duffy, 1982; Koch et al., 1984) . Further studies are required in order to assess ketamine effects on CO2 responsiveness of vessels in individual brain regions.
